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Germinal center B cells exist in two conditions, a dark zone state and a light zone state. Two studies in this
issue (Dominguez-Sola et al., 2015; Sander et al., 2015) report that Foxo1 deficiency causes an almost com-
plete loss of dark zone cells and an inability to undergo robust antibody affinity maturation.Germinal centers (GCs) form within
lymphoid tissues in response to infection
or immunization and support immuno-
globulin (Ig)-gene somatic hypermutation
(SHM), proliferation, and selection events
needed for antibody affinity maturation.
Histological dye-labeling studies in the
1930s revealed that GCs had darkly and
lightly stained regions, and these became
known as the dark zone (DZ) and light
zone (LZ), respectively. The DZ is en-
riched for mitotic GC B cells whereas the
LZ contains—in addition to GC B cells—
antigen-presenting follicular dendritic
cells (FDCs) and follicular helper T (Tfh)
cells. A large body of work led to a model
where GC B cells exchange over periods
of hours between the DZ and LZ to un-
dergo rounds of mutation in the DZ and
antigen- and T-cell-dependent selection
in the LZ before achieving a high-affinity
condition (Allen et al., 2007; Victora and
Nussenzweig, 2012). Consistent with this
model, AID, the enzyme required to
initiate Ig gene SHM, is more abundant
in DZ cells. Movement from the LZ to the
DZ depends on CXCR4 and DZ cells
have higher expression of this chemokine
receptor (Bannard et al., 2013). More
broadly, DZ and LZ cells (also known as
centroblasts and centrocytes, respec-
tively) differ in expression of a range of
genes, with cell-cycle-related genes be-
ing elevated and certain DNA repair genes
reduced in the DZ, whereas genes
involved in receipt of T cell help are
elevated in the LZ (Victora and Nussenz-
weig, 2012). When GC B cells were trap-
ped in the anatomical LZ due to CXCR4
deficiency, their surface marker profiles
showed normal proportions of DZ- and
LZ-phenotype cells, indicating that transi-
tioning between DZ and LZ states occurs1026 Immunity 43, December 15, 2015 ª201independently of exposure to compart-
ment-specific cues (Bannard et al.,
2013). With all these observations in
mind, it has been thought that the DZ
and LZ states of GC B cells would be
essential to GC function. However, until
now, there has been no single perturba-
tion that has led to a loss of one state
versus the other.
Foxo1, forkhead box protein O1, is a
transcriptional regulator that localizes
to the nucleus and controls gene expres-
sion. Phosphorylation by Akt causes
Foxo1 translocation to the cytoplasm
where it can be degraded. Foxo1 is
perhaps best known for its ability to pro-
mote cellular quiesence, and phospha-
tidyl inositol 30OH kinase (PI3K)-mediated
activation of Akt and inactivation of Foxo1
is necessary for pre-B cell proliferation
(Herzog et al., 2009). However, the role
of Foxo1 in mature B cells remained less
understood. A strong hint that Foxo1
might play a critical and unconventional
role in controlling gene expression within
GC B cells was provided by the discovery
that GC-derived lymphomas frequently
carry mutations in Foxo1 that prevent its
inactivation by Akt (Trinh et al., 2013).
In this issue of Immunity, Dominguez-
Sola et al. (2015) and Sander et al.
(2015) found that Foxo1 was highly ex-
pressed and nuclearly localized in mouse
and human DZ GC B cells and was
reduced in abundance at the transcript
and protein level in LZ cells. In accord
with Foxo1 being regulated by AKT in
GC B cells, phospho-Akt (pAKT) was
higher in LZ than DZ cells. When Foxo1
was deleted in mouse GC B cells, there
was a striking loss of DZ-phenotype cells
(Dominguez-Sola et al., 2015; Sander
et al., 2015). Consistent with the DZ con-5 Elsevier Inc.dition requiring nuclear Foxo1, induction
of a constitutively active PI3K gene in
GC B cells caused a similar loss of DZ
cells (Sander et al., 2015). Pursuing this
phenotype further led to a number of sur-
prises. Perhaps the most striking, though
consistent with one earlier study (Dengler
et al., 2008), was the intact size of the
GC response in the mutant mice. This is
remarkable because the DZ has long
been argued to be tightly linked with cell
cycle and therefore it would be expected
to be required for maintaining GC B
cell numbers. However, despite lacking
DZ-phenotype cells based on surface
marker profile and a major part of the DZ
gene expression program, some aspects
of the DZ program seemed to be intact
in the Foxo1-deficient cells, including
much of the gene expression required for
cell cycle (Dominguez-Sola et al., 2015;
Sander et al., 2015). There is some pre-
cedent for thinking that proliferation might
not be inextricably coupled to the DZ.
Two-photon microscopy and earlier his-
tology experiments reveal that dividing
GCBcells couldoccasionallybeobserved
in the anatomical LZ (Allen et al., 2007).
Furthermore, when cells are prevented
from accessing the anatomical DZ due to
CXCR4 deficiency, they continue to divide
at a normal pace (Bannard et al., 2013).
Transient c-myc expression might be
involved in the initial induction of prolifera-
tion as cells transition from the LZ to DZ
state (Calado et al., 2012; Dominguez-
Sola et al., 2012), but further studies will
be needed to discern the factors control-
ling Foxo1-independent components of
the DZ state.
If Foxo1 is not required for DZ cell prolif-
eration, what are the functions of the
Foxo1-regulated target genes? Foxo1
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Figure 1. Essential Role of Foxo1 in the GC DZ B Cell Program
In the LZ state, pAkt is abundant probably due to high PI3K activity, and Foxo1 levels are low. In the DZ
state, pAkt is low at least in part due to PTEN activity, and Foxo1 accumulates in the nucleus to positively
regulate the expression of many DZ-state-associated genes including CXCR4 while contributing to re-
presssion of Blimp1 and a range of LZ-state-associated genes, in some cases cooperating with Bcl6. The
nature of the signals promoting PI3K and pAkt activity in the LZ are not fully defined but are likely to include
the BCR. It is possible that signals in addition to pAkt are involved in repressing Foxo1. The signals favoring
Foxo1 activation are also unclear but inputs from Tfh cells might be a trigger. Tfh-cell-derived signals,
including CD40L, promote NF-kB activity and c-myc induction. Dashed arrows indicate connections that
are not fully established. PTEN, phosphatase and tensin homolog.
Immunity
Previewswas shown to bind many promoter or
enhancer elements in tonsil GC B cells
and it is likely that dozens if not hundreds
of genes are directly regulated by Foxo1
in GC B cells, some in an inductive and
others in a repressive fashion (Figure 1;
Dominguez-Sola et al., 2015). Using bio-
informatic approaches, a large number of
Foxo1-bound sites colocalized with sites
bound by Bcl6. This is a satisfying obser-
vation because Bcl6 is essential for GC B
cell development, and these two factors
might work together to support the DZ
state. Consistent with such cooperation,
Prdm1—which encodes the plasma cell
differentiation factor Blimp1—appeared
to be co-repressed by Foxo1 and Bcl6.
Another gene that is targeted by Foxo1,
in this case causing induction, is CXCR4
(Dominguez-Sola et al., 2015; Sander
et al., 2015). Loss of CXCR4 expression
might contribute to several aspects of the
Foxo1-deficient phenotype, including the
spreading of FDCs throughout the GC
structure because mice lacking CXCR4on all GC B cells show the same alteration
in FDC distribution (Allen et al., 2007).
More broadly, the gene expression anal-
ysis provides evidence that Foxo1 helps
to silence programs related to immune
activation and B cell receptor (BCR)
signaling.
A key question the authors pursued
was whether SHM and affinity matura-
tion were DZ state dependent. The two
studies are in accord in showing that,
despite unaltered AID expression,
Foxo1-deficient GCs supported less effi-
cient affinity maturation. In the response
toNP-haptenated proteins, the GCpartic-
ipation of canonical lambda+ B cells was
diminished, as was the fraction of GC
B cells capable of binding NP, suggesting
a defect in selection efficiency. Affinity
improvement in NP-responding B cells
carrying the Vh186.2 gene is frequently
achieved by a W33L mutation. When total
responding GC B cells were sequenced,
the frequency of cells with this mutation
was reduced (Dominguez-Sola et al.,Immunity 43, De2015); however, when NP-binding GC B
cells were sequenced, the frequency
was normal (Sander et al., 2015). This dif-
ference probably indicates that although
fewer Foxo1-deficient cells acquire an
improved affinity, those that do acquire
higher affinity reach it by a conven-
tional program of SHM. Overall SHM fre-
quencies assessed by sequencing of the
Jh intronic region were similar to wild-
type (Dominguez-Sola et al., 2015) or
slightly reduced (Sander et al., 2015).
This discrepancy between studies might
reflect the use of simple (KLH) versus
complex (SRBC) immunogens or different
adjuvants to drive the response. Since
Foxo1 is not required for GC B cell prolif-
eration or AID expression, how does it
augment selection of high-affinity B cells?
Perhaps it helps shield cells, both through
positioning in the DZ and control of
immune response gene expression, from
premature BCR or T cell inputs that
disrupt the ability of cells to undergo
temporally separated rounds of mutation
and selection.
The Sander et al. (2015) study observed
that a small number of nuclear Foxo1+
cells could be identified in the LZ and
these cells were often costained for c-
myc, suggesting that they had recently
received a positive selection signal from
T cells (Dominguez-Sola et al., 2012).
The nature of the signals leading to
increased Foxo1 expression and thus in-
duction of CXCR4 and initiation of the DZ
program remains an important question.
A current model of GC selection posits
that GC B cells are induced to switch
from the LZ to the DZ state after receipt
of T cell help and that the amount of
time spent in the DZ state is determined
by the properties of the help that was
received (Bannard et al., 2013; Gitlin
et al., 2015). The return to the LZ state is
suggested to be determined by an
intrinsic timer rather than requiring expo-
sure to compartment-specific cues. With
the discovery that Foxo1 is crucial for
the DZ state, it becomes important to
ask whether Foxo1 contributes to the
timer mechanism. What determines the
duration of Foxo1 in the nucleus? Does it
decay over time or with cell division? Or
is the timer set in motion by Foxo1, but
actually controlled by downstream tran-
scription factors? These two important
studies have given us a glimpse into how
and why GC B cells go to the ‘‘darkcember 15, 2015 ª2015 Elsevier Inc. 1027
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Previewsside,’’ and they help reveal what needs to
be done to understand how they come
back to the light so they can ‘‘overcome
evil’’ and do good.
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Even though proteolytic antigen fragments are displayed for cross-presentation, rapid proteolysis of endo-
cytosed antigens inhibits this process. In this issue of Immunity, Alloatti et al. (2015) describe how maturing
dendritic cells keep phagosomes and lysosomes apart to ensure extended antigen life that leads to pros-
perous cross-presentation.CD8+ T cells, which are considered to
be the protective entity in many virus in-
fections and tumor rejections, recognize
antigen-derived peptides on major his-
tocompatibility complex (MHC) class I
molecules. These peptides are pre-
dominantly generated by proteasomal
degradation from cytosolic and nuclear
antigens. However, if a virus does not
infect dendritic cells (DCs), which prime
these CD8+ T cell responses, or in the
case of tumor antigens that have to be
transferred from the cancer cell to
DCs, it is necessary for CD8+ T cell acti-
vation that extracellular antigens gain
access to the MHC class I presentation
machinery in a pathway called cross-
presentation.
Cross-presentation is best performed
by distinct DC subsets in mouse and
man, and possibly other species, primar-
ily XCR1+ DCs (Vu Manh et al., 2015). In
addition, cross-presentation is transientlymore upregulated during the first day
after DC activation by Toll-like receptor
(TLR) ligands, during the process of
maturation. This transient increase of
cross-presentation is thought to effi-
ciently sample antigen for MHC class I
presentation at the site of DC maturation,
whereas after DCs have then migrated
away towards secondary lymphoid tis-
sues, this mechanism is shut off to pre-
vent cross-presentation of self-antigens
at non-inflamed sites. Such emphasis
on cross-presentation of proteins that
have been taken up in infected and in-
flamed tissues is thought to focus CD8+
T cell priming toward the pathogenic
causes that have elicited DC maturation.
A combination of phagosome and cellular
adaptations are thought to make mature
DCs, especially the XCR1+ DC subset,
particularly efficient antigen cross-pre-
senting cells. Among the phagosome
intrinsic characteristics are the limitedrecruitment of lysosomal proteases to
DC phagosomes (Delamarre et al.,
2005), which allows these antigen-pre-
senting cells to retain endocytosed
material for prolonged periods of time
(Figure 1). Along these lines, DCs also
efficiently recruit the NADPH oxidase
NOX2 to their phagosomes, attenuating
phagosomal acidification via reactive ox-
ygen species production (Savina et al.,
2006). The elevated pH then inhibits
lysosomal hydrolases, which catalyze
substrates most efficiently in an acidic
environment. Apart from attenuating
lysosomal degradation to rescue pep-
tides for MHC loading, cross-presenting
phagosomes have to also acquire the
machinery for MHC class I loading. This
includes MHC class I molecules them-
selves, which are recruited from an endo-
somal recycling compartment to TLR
containing phagosomes (Nair-Gupta
et al., 2014). Fusion of these MHC class
